Ascaris is a large roundworm parasite that infects humans and pigs throughout the world. Molecular markers have been used to study parasite transmission in Ascaris-endemic and -nonendemic regions of the world. In the United States, ascariasis still persists in commercial swine and has been designated a neglected disease of poverty in humans. However, relatively few data are available for evaluation of zoonotic transmission. In the present study, we obtained adult worms from abattoirs and characterized each worm on the basis of the gene encoding nuclear internal transcribed sequence (ITS) and mitochondrial cox1. Restriction fragment-length polymorphism analysis of ITS revealed swine, human, and hybrid genotypes. cox1 sequences were compared to all complete sequences available in GenBank, and haplotype analysis demonstrated 92 haplotypes worldwide. Sequences from the parasites in this study represented 10 haplotypes, including 6 new haplotypes that have not been previously described. Our results indicate that anthropozoonotic transmission has occurred in the past, resulting in the presence of human genotypes in pigs and supporting further investigation of zoonotic Ascaris transmission in the United States.
The large parasitic nematode Ascaris inhabits the small intestine of pigs and humans; it is a zoonotic soil-transmitted helminth of public health and economic importance with a worldwide distribution. It is estimated that 762 million people (14.6% of the world's population) were infected with Ascaris in 2010, with an estimated 94% of the world's population at risk of becoming infected [1] . However, in some localities, nearly 20% of humans are infected [1] . Ascaris infections cause wasting, abdominal problems, intestinal obstructions, cognitive deficits, delayed psychomotor performance and impaired performance of up to 5-10 intelligence quotient points [1] .
Historically, the paradigm has been that Ascaris suum infects pigs, while Ascaris lumbricoides infects humans. However, the 2 species are morphologically indistinguishable and are capable of infecting both humans and pigs, leading many authors to propose that they be considered a single species [2, 3] . Although the status of these 2 Ascaris species has led to interesting scientific debate, the impetus of the discussion is the desire to understand the transmission of Ascaris between humans and pigs to expedite public health efforts [4] . Broadly, there is also an interest in studying cross-transmission in the context of the historical relationship between humans and pigs, as well as the history of hominids via the field of paleoparasitology [5, 6] .
Extensive epidemiological studies using mitochondrial and nuclear genes have been undertaken to study Ascaris populations in human and pig hosts in many Ascaris-endemic and a few Ascaris-nonendemic areas. Geographical locations studied have included Ascaris-endemic central North America [7] [8] [9] , Ascaris-endemic and -nonendemic Asia [10] [11] [12] [13] [14] [15] , Ascarisendemic Africa [16, 17] , Ascaris-nonendemic Europe [18, 19] , Ascaris-endemic South America [20] or multiple locations with mixed endemicity designations [21, 22] . In these studies, haplotypic variations have been found at both the local and global population scales. In contrast, the scenario in the United States is relatively unknown.
Although the overall prevalence of Ascaris among humans in the United States is presumed to be low [23] , socioeconomic factors have caused ascariasis to be designated as a neglected disease of poverty in the American South and Appalachia [24] . Altogether, transmission of human ascariasis has not been extensively studied in the United States [25] . Data from polymerase chain reaction (PCR)-associated restriction fragment-length polymorphism (RFLP) analysis are available for 9 cases of human ascariasis [26] , as are isoenzyme and random amplified polymorphic DNA analysis data on Midwestern Ascaris populations derived from pigs [27] . However, these cannot be used for global comparative analyses, since isoenzyme data from other parts of the world are not available in any widely used database. While many recent studies involve mitochondrial and ribosomal gene sequences, only a single ribosomal internal transcribed sequence 1 (ITS1) gene sequence from an Ascaris sample from a pig originating from Michigan is currently available [21] . Moreover, no Ascaris mitochondrial gene sequences originating from the United States are available. In total, there is a need to generate molecular epidemiology data to improve the understanding of parasite transmission in the country.
In Ascaris-nonendemic areas such as Denmark, Japan, and Eastern Europe, molecular studies have shown that pig Ascaris could be an important source for human infections [14, 18, 28] . In the United States, there is empirical but not molecular evidence for infection in humans who have been in contact with pigs [23, 26] . In the United States, the majority of commercial pigs are raised in permanent indoor confinement systems. In the present study, we evaluated a population of Ascaris from pigs in Iowa, the state with the highest volume of pork production in the country. Given that the majority of commercial swine are raised in indoor confinement, we hypothesized that the genetic structure of pig-derived Ascaris would be similar to that in areas of nonendemicity, such as Denmark, Italy, and Slovakia, as opposed to areas of endemicity, where pigs and humans are sympatric. Since previous studies have suggested that geographical isolation drives haplotypic differentiation [18, 29] , we also hypothesized that novel Ascaris haplotypes have emerged because of confinement of pig populations.
MATERIALS AND METHODS

Parasites
A total of 100 adult Ascaris worms were collected from the intestines of pigs after slaughter, at 2 abattoirs in Iowa, at various time points. Animals originated from modern indoorconfinement operations. Attempts were made to obtain a single worm from each unique host. DNA was extracted from approximately 200 μg of tissue from each worm, using the QIAgen blood and tissue kit (Valencia, CA) in accordance with the manufacturer's recommendations. Genomic DNA was eluted in 200 μL of water and stored at −20°C.
Amplification of ITS and cox1
An approximately 880-bp fragment of the ITS was amplified using the primers NC2 5′-TTAGTTTCTTTTCCTCCGCT 3′ and NC5 5′-GTAGGTGAACCTGCGGAAGGATCATT-3′ [21] , with 5 µL of genomic DNA, 3 mM of MgCl 2 , 1 mM dNTPs, 0.5 µM of each primer, 5 units of Taq polymerase, and 1× PCR buffer in 50-µL reactions (Promega, Madison, WI). Thermocycling conditions were 95°C for 10 minutes; 40 cycles of 95°C for 45 seconds, 52°C for 45 seconds, and 72°C for 1 minute; and final extension at 72°C for 5 minutes [18] . Amplicons were underwent restriction digestion with HaeIII (Promega) at 37°C for 12 hours, using the protocol described by the manufacturer. Digestion products were separated by electrophoresis on 1.5% agarose gels to determine restriction patterns.
An approximately 430-bp fragment of the gene encoding mitochondrial cytochrome oxidase1 (cox1) was amplified using the primers 5′-TTT TTT GGT CAT CCT GAG GTT TAT-3′ and 5′ACA TAA TGA AAA TGA CTA ACA AC-3′, with 1 µL of DNA, 3 mM MgCl 2 , 250 µM of dNTPs, 250 pM of each primer, 2 units of Taq polymerase, and 1× PCR buffer, in 25-µL reactions (Promega) [12] . Thermocycling conditions were 94°C for 5 minutes, 30 cycles of 94°C for 30 seconds, 55°C for 30 seconds, 72°C for 30 seconds, and final extension of 72°C for 5 minutes. Sequencing was performed on an Applied BioSciences 3730xl DNA Analyzer, and sequences were assembled using either CAP3 (available at: http://doua.prabi. fr/software/cap3) or SeqMan (DNAStar, Madison, WI).
Haplotypic and Phylogenetic Analysis
Multiple alignments of nucleotide sequence data were made using Clustal omega (available at: http://www.ebi.ac.uk/Tools/ msa/clustalo) [30] and trimmed to 327 bp, using MEGA 6.06 [31] . Haplotype identification was subsequently performed using DnaSP v5 [32] . Data set 1-A consisted of 100 cox1 sequences from this study and 139 Ascaris cox1 sequences available in GenBank. Data set 1-B comprised 92 sequences, each representative of a unique haplotype obtained as the output of DnaSP v5 analysis of data set 1-A. A median joining haplotype network [33] was constructed in Population Analysis with Reticulate Trees (PopArt 1.7) [34] (available at: http://popart. otago.ac.nz).
A maximum likelihood tree was drawn by use of MEGA 6.06 [31] with 1000 bootstrap replications after the best-fit model of nucleotide substitution had been determined in jModeltest 2.1.10, with 88 candidate models and 11 substitution schemes, using a maximum likelihood base tree [35] . Bayesian information criterion, corrected Akaike information criterion, and decision theory performance-based selection calculations were used to select the Hasegawa-Kishino-Yano model [36] with invariant sites (HKY + I) as the best fit model for nucleotide substitution for the maximum likelihood tree. Anisakis simplex cox1 and Toxocara vitulorum cox1 (GenBank accession numbers JN786328 and FJ664617, respectively) were included in the analysis to serve as outgroups.
A neighbor joining tree was constructed, with evolutionary distances computed by means of the Kimura 2-parameter method, using MEGA6.06 [31] , with 1000 bootstrap replications. A. simplex cox1 and T. vitulorum cox1 (GenBank accession numbers JN786328 and FJ664617, respectively) were included in the analysis to serve as outgroups.
RESULTS
PCR-RFLP Analysis of ITS
We amplified an approximately 1000-bp region of the ribosomal ITS gene from 93 of 100 Ascaris worms obtained from pigs. Products underwent restriction digestion with HaeIII and were separated by electrophoresis on agarose gels to determine restriction patterns characteristic of the suum, lumbricoides, and hybrid genotypes (Figure 1) We analyzed cox1 sequences from 100 Ascaris worms collected from pigs in the present study, in addition to 139 complete sequences previously deposited in GenBank. Haplotype analysis performed using DnaSp5 revealed that these 239 sequences represented 92 haplotypes, with a haplotype diversity of 0.888 (variance, 0.00024; standard deviation, 0.015), and nucleotide diversity (π) of 0.01582 (standard deviation, 0.00106).
cox1 sequences obtained from Iowa (100 sequences) were found to be distributed across 10 haplotypes, including 6 new haplotypes that have not been previously described elsewhere (Table 1) . Sequences representing distinct haplotypes obtained during the study (US1-US10) were deposited in GenBank (Accession numbers KY200852, KY200853, KY200854, KY200855, KY200856, KY200857, KY200858, KY200859, KY200860, KY200861). Haplotype diversity within the 100 sequences from Iowa was computed to be 0.5960 (variance, 0.00257; standard deviation, 0.051). Nucleotide diversity (π) was 0.00720 (standard deviation, 0.00120).
As shown in Table 1 , the most frequent haplotype (frequency, 0.61), designated US1, was identical to those previously described from humans and pigs in areas of Ascaris-endemic and -nonendemic transmission, such as China, Japan, Slovakia, Italy, Hungary, Uganda, United Kingdom, Philippines [22] . The second most common haplotype, US2 (frequency, 0.14), has been described from pigs and humans in areas of nonendemicity only. Haplotypes US3 and US4 have been previously reported from Ascaris-endemic and -nonendemic areas, as shown in Table 1 . Of the 6 novel haplotypes, named US5-US10, 4 were only observed once.
Phylogenetic Analysis of cox1 Sequences
A maximum likelihood tree with divergence times for branching points calculated using the maximum likelihood method based on the Hasegawa-Kishino-Yano model with evolutionarily invariable ([+I], 58.0877%) sites was constructed in MEGA6, using the RelTime method [37] . The estimated log likelihood value of the topology shown was 1518.2608 ( Figure 2A) .
A neighbor joining tree was constructed in MEGA6, with evolutionary distances computed using the Kimura 2-parameter method and 1000 bootstrap replicates. The optimal tree with the sum of branch length of 0.57249420 is shown in Figure 2B .
Three main clusters could be distinguished in the trees, designated cluster A, B, and C, with 55%, 51%, and 95% bootstrap support, respectively. In the neighbor joining tree, clusters A1 and A2 could be distinguished [18] but had low statistical support (bootstrap value, <50%). Haplotypes from the United States, except US3, clustered with other sequences in cluster A. Haplotype US3, representative of 11% of the samples, clustered with other sequences from cluster B. Previous studies have shown that clusters A and B have representative sequences from humans and pigs from Ascaris-endemic and -nonendemic areas. No samples from the United States were found in cluster C, which contains samples from areas of nonendemicity [18] .
A median joining haplotype network of data set 1-B, a set of 92 unique global cox1 haplotypes, was constructed using PopArt 1.7 ( Figure 3) . The geographical origin of each haplotype was added to GenBank accession numbers to identify sequences because of the confounding factor of variations in haplotype names used by different authors. The network showed 3 groups of haplotypes-A, B, and C-with the highest number of haplotypes found in cluster A. Evidence for the existence of subclusters A1 and A2 was found, but the this was not in agreement with the phylogenetic tree. All US haplotypes except US3 were found in cluster A, in agreement with the phylogenetic trees. Haplotype US3 was found in cluster B. No US haplotypes were found in cluster C. In cluster A, haplotypes from Ascaris-endemic and -nonendemic areas were found to cluster around haplotype US1. At least 5 of the US haplotypes in cluster A were found to be closely related to haplotypes from Denmark and other parts of Europe, having a difference of only 1-2 nucleotides. The unique haplotypes US8, US9, and US10 have a minimum of 5, 7, and 10 nucleotide differences, respectively, from any other closely related haplotype.
DISCUSSION
Ascaris is one of the most common nematode parasites in humans and pigs throughout the world. A One Health approach is essential to prevent and control the infection in both pigs and humans [23] . Control programs for Ascaris are based on understanding the dynamics of infection and prevalence of shared genotypes in pigs and humans living in the same area. This understanding is necessary to guide different control measures for humans and pigs. For example, coprological parasite diagnostic testing and administration of anthelmintics are not routine for humans living in areas where Ascaris is deemed to be nonendemic. Similarly, there is not an effort to deworm commercial pigs in the context of human public health. In fact, there is no consensus among veterinarians in the United States regarding a deworming schedule to eliminate Ascaris in pigs. In contrast, there are concerted efforts led by the Companion Animal Parasite Council to eliminate ascarids from companion animals because of their zoonotic potential [38] . Accordingly, phylogenetic studies have been undertaken to describe the extent of Ascaris transmission between the 2 susceptible definitive hosts: humans and pigs. In the case of Ascaris in North America, molecular sequence data available have been inadequate for comparison to data from studies undertaken elsewhere. Even on a more fundamental level, knowledge regarding the prevalence of soil-transmitted helminth infections in humans is relatively scant [25] .
Although there is historical evidence for human-to-human transmission of Ascaris in the southern United States and 
Appalachia, infections in other regions of the continental
United States are thought to be acquired by cross-transmission of Ascaris from pigs to humans [23, 26] . Overall, the prevalence of ascariasis in humans in the continental United States is presumed to be low. In contrast, Ascaris remains a common parasite of pigs in this country. One explanation for the difference in rates of ascariasis among humans and swine could be that a majority of the pigs are raised in intensive indoor-confinement facilities. A US Department of Agriculture national survey of farms with ≥100 pigs reported that >95% of animals were raised indoors, typically without access to soil or night soil [39] . In addition, modern feeding equipment makes it possible for a single person to care for 300 or more animals [39] . Altogether, the majority of swine are confined indoors, with a relatively low number of human individuals coming in contact with the pigs. Therefore, there is more likely to be transmission of Ascaris from pig to pig than from human to pig. We hypothesized that isolation of pigs would lead to emergence of new haplotypes and a population genetic structure comprising Figure 2 . Phylogenetic trees of Ascaris species. Partial cox1 sequences generated by (1) maximum likelihood and (2) neighbor-joining methods. Accession numbers, location, and host information of GenBank sequences are given for a subset of unique haplotypes. Anisakis simplex cox1 and Toxocara vitulorum cox1 (GenBank accession numbers JN786328 and FJ664617) are outgroups. Colored circles represent host of origin (empty red, human; empty blue, pigs from other studies; filled blue, pigs in this study). This figure is available in black and white in print and in color online.
primarily worm genotypes associated with pig hosts. To test this hypothesis, we examined Ascaris populations derived from pigs in Iowa to investigate nuclear ITS1 genotypes and characterize prevalent mitochondrial coxI haplotypes.
PCR-RFLP analysis of ITS has been used to describe human, pig, and hybrid Ascaris genotypes [8] . In the present study, PCR-RFLP analysis of ITS revealed that human and hybrid genotypes can be found in pigs in an area presumed to lack Figure 3 . Median joining network of cox1 haplotypes from this study (designated US1-10) and GenBank sequences (denoted by accession numbers). Nucleotide differences are denoted by hatch marks across the connecting lines, with each hatch mark representing a single nucleotide difference. Colors represent the geographical source of the sequence, as available on GenBank. Dark unlabeled circles represent inferred ancestral nodes. This figure is available in black and white in print and in color online.
transmission from humans to pigs. This is in agreement with past studies of areas if nonendemicity, such as Denmark, Japan, and parts of Europe [15, 18, 28] . These results are interesting because of the relative isolation of commercial pigs in the United States. It is possible that human-to-pig transmission events occurred some time ago and that these genotypes have been maintained by pig hosts.
One drawback to the RFLP method is that multiple ITS copies may be present, potentially making interpretation of banding patterns difficult. In addition, digestion with a single enzyme may lead investigators to disregard nucleotide differences elsewhere in the gene. On the other hand, ITS sequences are highly conserved. In the present study, we conducted phylogenetic analyses with a subset of ITS sequences and found that they were unsuitable for detecting parasite clustering. Therefore, analysis of the ITS gene was relegated to RFLP analysis. RFLP genotypes and their associated cox1 haplotype are presented in Supplementary Table 1 . Future studies should examine single-copy gene polymorphisms differing among Ascaris isolated from pigs and humans, which could be helpful in developing a more robust RFLP assay.
Mitochondrial cox1 has been used to determine geographical epidemiology in multiple studies, owing to its quick mutation rate, high intraspecific variability, and maternal mode of inheritance [40, 41] . We analyzed cox1 from pigs in this study in the context of sequence data from throughout the world. Our analysis revealed 92 unique Ascaris haplotypes currently reported throughout the world. The worms collected during this study represented 10 different haplotypes, 6 of which were previously unreported. Of the haplotypes found in this study, the most common one (US1) has been previously described in both Ascaris-endemic and -nonendemic areas, but the secondmost-common haplotype (US2) has only been described in areas of nonendemicity. This scenario has previously been found in studies conducted in Denmark, Japan, Slovakia, Italy, and Hungary, where a few haplotypes from areas of nonendemicity are described in Ascaris-endemic areas, as well [15, 18] , and could be a result of retention of ancestral polymorphisms or the movement of swine with high-production traits across geopolitical/national boundaries.
We constructed neighbor joining and maximum likelihood phylogenetic trees, as well as a minimum joining haplotype network analysis, to model the relationship of the haplotypes found in this study with those reported in the literature. All 3 analyses conducted predicted 3 clusters of parasites. Phylogenetic trees revealed clustering of parasites in an arrangement that is agreement with previous studies, with high bootstrap support (>50%) [7, 15, 18] . Most haplotypes in this study were found to belong to cluster A. Only 1 haplotype in the present study was found in cluster B. Clusters A and B have haplotypes originating from Ascaris-endemic and -nonendemic areas. No haplotype from the United States was found in cluster C, which only contains haplotypes from areas of nonendemicity in Europe. This could have been due to differentiation of haplotypes in isolation, although the rate of mutations that lead to the formation of a novel haplotype is still relatively unknown.
The median joining haplotype network constructed from the haplotypes allows for determination of differences at a nucleotide level. The network shows a complex pattern in which there is some evidence for geographical clustering of haplotypes, as suggested by Cavallero et al [18] . For example, unique haplotypes from Bangladesh from past studies occur in the same cluster, with <4 nucleotide differences between them. However, the geographical clustering and differentiation is not absolute as many haplotypes from the United States that occur in cluster A (US1, US2, US4, US5, US6, and US7) show only a few nucleotide differences when compared with sequences from Ascarisendemic (China, Uganda, Zanzibar, Brazil, and Guatemala) and -nonendemic areas (Denmark, Europe, United Kingdom, and Japan). Some novel US haplotypes (US8, US9, and US10) in cluster A differ by 5-10 nucleotides from closely related haplotypes. However, the relatedness of the majority of the haplotypes can possibly be accounted for by the movement of people and animals, allowing the dispersion of the gene pool across the world. In addition, introgression and the retention of ancestral polymorphisms could explain the complex distribution of haplotypes. Comparable analysis in human-derived Ascaris from the areas of nonendemicity in the United States are needed to understand the rise of novel haplotypes, given the migration and movement of humans globally.
Insights into genetic diversity gleaned from molecular epidemiological studies have been known to be useful in understanding disease dynamics and differences in virulence in the zoonotic parasites [42] . In the present study, we provide the first molecular characterization of Ascaris from pigs in the United States. Our results demonstrated that pigs harbor genotypes of Ascaris that have been recovered from both humans and pigs, suggesting the occurrence of zoonotic transmission. In addition, this work shows that pigs in this locale are infected with unique haplotypes in addition to haplotypes found elsewhere in the world. Pigs were first introduced into mainland North America by Europeans, and live pigs have been imported from various countries over the past several centuries, possibly accounting for our finding of Ascaris genetic profiles found elsewhere globally. Future studies examining the temporal changes of molecular markers in a population will further guide the interpretation of molecular epidemiologic data regarding zoonotic transmission.
Supplementary Data
Supplementary materials are available at http://jid.oxfordjournals.org. Consisting of data provided by the author to benefit the reader, the posted materials are not copyedited and are the sole responsibility of the author, so questions or comments should be addressed to the author.
Epidemiology of Ascaris Infection in Pigs • JID 2017:215 (1 January) • 137
